Geopolymer composites containing woven cotton fabric (0-8.3 wt%) were fabricated using the hand lay-up technique, and were exposed to elevated temperatures of 200 ℃, 400 ℃, 600 ℃, 800 ℃ and 1000 ℃. With an increase in temperature, the geopolymer composites exhibited a reduction in compressive strength, flexural strength and fracture toughness. When heated above 600 ℃, the composites exhibited a significant reduction in mechanical properties. They also exhibited brittle behavior due to severe degradation of cotton fibres and the creation of additional porosity in the composites. Microstructural images verified the existence of voids and small channels in the composites due to fibre degradation.
Introduction
Portland cements are used in many building and construction applications because of their good mechanical performance. However, the emission of greenhouse gases associated with their manufacture is a serious problem. In recent years, a new class of environmentally friendly and sustainable inorganic aluminosilicate polymers (known as geopolymers) has emerged as an alternative to Portland cements. These inorganic compounds do not use Portland cements as binder, but instead employ a material such as fly-ash, rich in silicon (Si) and aluminium (Al), which reacts to alkaline liquids to produce binder [1] [2] [3] [4] . Geopolymers have attracted the interest of scientists due to their low cost, low curing and hardening temperatures, and excellent thermal stability at high temperatures [5] [6] [7] [8] [9] . However, despite these desirable attributes, they suffer from brittle failure like most ceramics. This limitation may be readily overcome through fibre reinforcement as in high-performance polymer-matrix composites. Hitherto, the most common fibre reinforcement used in geopolymer composites is based on steel, carbon, polypropylene (PP) and polyvinyl alcohol (PVA) [10] [11] [12] [13] [14] [15] .
Current concerns over the environment and climate change have given rise to an increasing interest in replacing the synthetic fibres currently used in geopolymer composites or other brittle matrices with natural plant fibres [16, 17] . Investigations of natural fibres such as sisal, coconut, bamboo, jute, banana, coir and hemp fibres have revealed desirable effects on  the mechanical and physical properties of brittle organic and inorganic matrices [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . For example, the mechanical and thermal properties of geopolymer resin have been significantly improved as a result of natural wool fibre reinforcement [28, 29] . Similarly, Teixeira-Pinto et al. [30] found that jute fibres are effective in improving the mechanical properties of geopolymer composites, and Al Bakri et al. [31] observed a similar desirable effect in wood-fibre reinforced geopolymers.
In recent years, investigations into the resistance of geopolymer concrete to elevated temperatures have been of particular interest, and many promising results have been obtained [32] . One of the requirements for safety when designing construction structures is the ability to resist elevated temperatures which can lead to spalling because of reduced permeability and increased brittleness. In high-performance concrete, fibres are often added to overcome the adverse effects of fire-induced spalling, as they melt or degrade at certain temperatures and form dehydration pathways for escaping water, preventing pore pressure build-up. However, the presence of porosity and small channels created by fibre melting or degrading may reduce the mechanical strength of the composites [33, 34] .
According to the literature, the effect of elevated temperature on the mechanical properties of cotton fabric reinforced geopolymer matrix composites has not yet been reported so far. In the present work, therefore, cotton fibre/geopolymer composites were prepared and then heated at different temperatures ranging from 200 ℃ to 1000 ℃. Mechanical properties such as flexural strength, compressive strength and fracture toughness were evaluated. Thermogravimetric analysis (TGA), optical microscopy and scanning electron microscopy (SEM) were used to investigate their thermal behavior, microstructure and failure mechanisms. Results suggest that this is a promising area of investigation, adding significantly to the body of literature on natural and green alternatives to concrete.
Experimental

1 Preparation of geopolymer composites
Cotton fabric (CF) of 30 cm × 7.5 cm was used to reinforce the geopolymer composites. Low-calcium fly-ash (ASTM Class F), collected from Collie power station in Western Australia, was also used as the source material of the geopolymer matrix. The chemical composition of fly-ash (FA) is shown in Composite samples were prepared by spreading a thin layer of geopolymer paste in a well-greased wooden mould, followed by carefully laying the first layer of woven cotton fabric on that layer. Thereafter, the fabric was fully impregnated (wet out) with geopolymer paste by a roller before placing the next layer. This process was repeated for the desired numbers of cotton fabric layers. Each specimen contained different layers of cotton fabric. For each specimen, the final layer was geopolymer paste. The alkaline solution to fly-ash weight ratio was fixed at 0.35, whereas the weight ratio of sodium silicate solution to sodium hydroxide solution was maintained at 2.5. The composite specimens were placed on a vibration table in order to ensure better penetration of the matrix among the fabric openings and to remove the entrapped air voids. The specimens were also pressed under 25 kg load for 3 h. Subsequently, the specimens were covered with plastic film and cured at 80 ℃ in an oven for 24 h.
After curing, the composite samples with different weight percentages of fibres (0 wt%, 4.5 wt%, 6.2 wt% and 8.3 wt%) were heated in a ventilated furnace to assess their strength retention at temperatures of 200 , 400 ℃ , 600 ℃ , 800 ℃ and 1000 ℃ . The ℃ heating was carried out at a rate of 5 /min until ℃ the target temperatures were reached; these final temperatures were held for 2 h. The specimens were left to cool naturally inside the furnace before being removed to room temperature. Their dimensions were measured using a digital vernier calliper to determine drying shrinkage (D) using the following equation:
where 0 L is the initial length of specimens before heating; and L is the length of specimens after heating.
2 Characterisation
1 Thermogravimetric analysis
Thermogravimetric analysis (TGA) was carried out for cotton fibres, unreinforced geopolymer and cotton fabric reinforced geopolymer composites at a heating rate of 10 /min under atmospheric condition. The ℃ temperature range scanned between 50 and 1000 ℃ . ℃ The weight of all specimens was maintained around 15 mg.
2 Porosity
Porosity tests were performed according to ASTM C20 [35] ; the value of apparent porosity (P s ) was calculated using the following equation [35] :
where d W is the weight of the dried sample; w W is the weight of the sample saturated with and suspended in water; and a W is the weight of the sample in air.
3 Optical microscopy and scanning electron microscopy
The microstructures of the samples were studied under a Nikon SMZ 800 stereo microscope. This was undertaken to take advantage of the color contrast provided by optical microscopy.
A NEON 40EsB (Zeiss, Germany) field-emission SEM was used to examine the microstructures of the prepared samples. The fracture samples were mounted on aluminium stubs using carbon tape and coated with a thin layer of platinum to prevent charging during the observation.
3 Mechanical properties
Rectangular bars measuring 60 mm  20 mm  20 mm were cut from the fully cured samples and subjected to three-point bend tests performed in a LLOYD material testing machine (50 kN capacity) with a displacement rate of 0.5 mm/min. Five specimens of each composition were tested. The flexural strength ( f  ) was determined using the following equation [9] :
where max p is the maximum load at crack extension;
S is the span of the sample; B is the specimen width; and W is the specimen thickness (depth). The compressive strength of the composites was measured using LLOYD material testing machine (50 kN capacity). The cubes were tested according to ASTM C109 [36] . The compressive strength (C) was calculated using the following formula:
where p is the total load on the sample at failure; A is calculated area of the loaded surface of the specimen. Rectangular bars of 60 mm long and a crosssectional dimension of 20 mm  20 mm were used in the fracture toughness measurements. A crack with a length to thickness (depth) ratio (a/W) of 0.4 was introduced into each specimen using a 0.4 mm diamond blade, and the fracture toughness IC K was calculated using the following equation:
where max p is the maximum load at crack extension; S is the span of the sample; B is the specimen width; W is the specimen thickness (depth); a is the crack length; and f (a/W) is the polynomial geometrical correction factor given by [17] :
3 Results and discussion
1 Thermal properties
The thermal stability of the composites was studied using the thermogravimetric analysis (TGA); thermograms of pure geopolymers, geopolymer composites and cotton fibres are shown in Fig. 1 . The geopolymer matrix undergoes weight loss between 50 and 250 ℃ ℃ due to the evaporation of free water. The composites show a similar trend, with a slight additional weight loss above 250 ℃ which may be attributed to the thermal decomposition of the cotton fibres. Fig. 1 TGA curves of (a) cotton fibres, (b) pure geopolymers and (c) geopolymer composites.
As shown in Fig. 1 , pure cotton fibres degrade in three main stages. The first transition occurs from 50 to about 250 , with the release of absorbed ℃ ℃ moisture from the fibre by evaporation. In this stage, the weight loss of cotton fibres is roughly similar to that of other natural fibres such as kenaf, jute and wood [37] [38] [39] . The second transition occurs between 250
and 370 ℃ when a large weight loss occurs, ℃ attributable to the degradation of cellulose. The third stage occurs above 370 when the fibres start to ℃ decompose, but shows a lower rate of weight loss. In this stage, all volatile materials are driven off, resulting in the formation of residual char in the sample. Similar degradation stages of cotton fibres were observed by Babu et al. [40] when they studied the thermal decomposition characteristics of cotton fibres using the thermogravimetric analysis. Figure 2 shows that the shrinkage of geopolymer composites increases with an increase of cotton fibres in the matrix. This tendency is observed for all samples at various temperatures. In all the three composites containing cotton fibres (4.5 wt%, 6.2 wt% and 8.2 wt%), the drying shrinkage increases as temperature increases. This is in contrast with reports of reduced shrinkage in geopolymer composites containing a small quantity of synthetic fibres such as carbon at elevated temperatures [41] . Shrinkage of geopolymer composites is influenced by many factors, including fibre type and fibre content when drying begins. The results here indicate that the addition of cotton fibres increases the matrix porosity (Fig. 3 ) and contributes to a higher drying shrinkage. This is due to more moisture paths being created into the matrix, which is also reported by Toledo Filho et al. [42] in their study of the effect of vegetable fibres on drying shrinkage of cement mortar composites.
2 Temperature effects on drying shrinkage
3 Change in color with temperature
After heating at various temperatures, the samples were assessed visually to determine the color change. Photographs of the geopolymer composite samples before and after heating at various temperatures are shown in Fig. 4 .
All samples exhibit a change in color after exposure to elevated temperatures as follows: grey at 200 , ℃ Geopolymer composites loaded with 8.3 wt% CF before and after heating at various temperatures. and 600 ℃ , pink ℃ up to 800 , and reddish brown at 1000 ℃ . ℃ High temperature exposure causes the oxidation and liberation of iron species present in the fly-ash particles, where similar observations were also reported by Rickard et al. [43] when testing the color change of Collie fly-ash geopolymers at elevated temperatures. Such color changes are a useful tool for estimating temperatures easily which have been reached after exposure to fire. They can also be used as an indication of significant loss in mechanical properties and are useful since the appearance coincides with a significant reduction in strength as a result of heating [44] .
4 Crack analysis
It is well known that cracks occur in concrete during fire because of the internal pressure of evaporable moisture, characterised by hairline cracks over the surface at low to medium temperatures and extending deep into the specimen at higher temperatures. The result is a significant reduction in structural integrity and load-carrying capacity [45] . One of the primary mechanisms responsible for concrete cracking is low porosity, which slows the migration of water vapour and offers few escape channels, leading to higher pore pressures [46] .
In this study, networks of hairline cracks are observed on un-reinforced geopolymer specimens heated at 400 and 600 ℃ . Beyond 600 ℃ , severe ℃ cracking occurs on the surfaces, as shown in Fig. 5 . It is probable that cracking is initially due to the normal thermal contraction of geopolymer paste, causing local changes to the geopolymer microstructure. An increment in temperature leads to additional contraction in the matrix as water is driven off. This phenomenon has been observed to occur in the geopolymer gel during dehydroxylation between 300 and 600 ℃ [47] . However, when cotton fibres ℃ are incorporated, no crack is found in the surface of geopolymer composites as shown in Fig. 4 . This indicates that cotton fibres are very effective in prevention of cracking caused by high temperatures due to the formation of small cavities inside the matrix created by the fibre degradation. The structure of the composites becomes more porous, and the expanded water vapour escapes without substantial damage to the microstructure. Such degradation of the cotton fibres may be beneficial to the behavior of geopolymer composites under thermal exposure. At high temperatures, when all water is not expelled fast enough from the composites, internal vaporisation may create high pressures inside the matrix. The porosity and small channels created by the degradation of the cotton fibres may lower internal vapour pressures and thus reduce the likelihood of cracking.
5 Effects of temperature on mechanical properties
5. 1 Compressive strength
The influence of elevated temperature on compressive strength of geopolymer composites is exhibited in Fig. 6 . The compressive strength of all geopolymer composites decreases after exposure to temperatures between 200 and 1000 ℃ . This reduction in ℃ compressive strength is probably because of the persistent deterioration of the geopolymer hydrates, which contributes most of the compressive strength of the composites, as temperature increases. Moreover, this decreasing tendency in compressive strength also results from increasing porosity as temperature increases. The total porosities of the composites heated to 800 ℃ and 1000 are higher than those at 200 ℃ ℃, 400 ℃ and 600 (Fig. 3) . The hydrophilic nature of ℃ cotton fibres enables the composites to take up moisture from the surrounding environment, increasing their water content. Upon heating, dehydration causes weight loss as is evident in Fig. 1 . At low temperatures, dehydration is slow, but as temperature increases, so does the dehydration rate, leading to greater weight loss and the formation of a large quantity of voids that damage the bond between fibre and matrix and act as stress concentration points, resulting in a loss in load-bearing capacity [17] . Some authors carried out compressive tests on concrete containing polypropylene (PP) fibres and reported that, the strength properties decrease with the increase of temperature, due to the additional porosity and small channels created by the melting of the PP fibres [48-50].
5. 2 Flexural strength
Like compressive strength, the flexural strength of all the composites decreases with an increase in temperature. As shown in Fig. 7 , the reduction in flexural strength of the composites at 800 ℃ and 1000 ℃ is greater than those at 200 , 400 ℃ and ℃ 600 . The main cause of this strength reduction may ℃ be attributed to fibre degradation, or to burning and void formation. When temperature increases, more fibres may degrade and more voids form, leading to a continual decrease in flexural strength. SEM examinations reveal some cotton fibres surviving inside the specimens heated between 200 ℃ and 600 ℃ (Figs. 8(a)-8(c) ): the possible reason for the higher flexural strength of these composites than those heated at 800 and 1000 ℃ where most of fibres ℃ degrade (Figs. 8(d) and 8(e) ). [41] of elevated temperature on carbon fibre reinforced geopolymer composites found that flexural strength decreases with increasing temperature. They concluded that microcracking is the primary mechanism causing fibre degradation, occurring when high temperatures cause both free and hydration water to evaporate and leave voids, leading to lower flexural strength.
5. 3 Fracture toughness
In general, natural fibre-polymer composites display crack deflection, de-bonding between fibre and matrix, fibre pull-out and fibre-bridging, all of which contribute to improving fracture toughness [51, 52] . Figure 9 shows that an increase in temperature of the geopolymer composites causes a decrease in fracture toughness. This can be explained by the very high porosity caused by the oxidation and consequent degradation of the cotton fibres, becoming more severe as temperature increases. At the highest temperatures tested (800 and 1000 ℃ ℃), enhanced porosity formation in the matrices is observed, the probable result of the cotton fibre burning as shown in Figs. 8(d) and 8(e). The images show high porosity in the composites as consequence of cotton fibre degradation due to oxidation effects, thus resulting in low fracture toughness because no fibre pull-out or fibre-fracture is observed. At testing temperatures below 800 ℃, the higher fracture toughness of the composites may account for the presence of toughening mechanism such as fibre-bridging, fibre pull-out and fibre-fracture as only evident in the specimens exposed to 200-600 ℃ and confirmed by SEM observations (Figs.  8(a)-8(c) ).
6 Microstructure analysis
To observe changes in microstructure at moderate length scales, microscopy at low magnification and with a large field of view was conducted; Figs. 10(a)-10(c) show the optical micrographs of specimens exposed to elevated temperatures from 200 to 600 ℃ . A significant amount of oxidation ℃ appears as dark "burns out" areas along the outer perimeter of the samples; but the centres remain pristine because oxygen is quickly depleted at the edge of the sample and no oxygen remains to react with the cotton fibres inside. The good condition of the interior fibres indicates that the geopolymer paste aids in stopping or significantly decreasing the supply of oxygen to the interior of the composites.
The matrix is effective in cutting off the oxygen supply to the fibres at temperature up to 600 (Figs. ℃ 10(a)-10(c)); however, as the specimen is heated further, many voids and caverns form around the edge and along the matrix (Figs. 10(d) and 10(e)), probably owing to the severe degradation of cotton fibres caused 500 μm Fig. 9 Fracture toughness of geopolymer composites at various temperatures. ℃ . ℃ by oxidation along the edge and deep into the interior of the sample. As the temperature approaches 800 ℃ and 1000 , oxygen is better able to diffuse into the ℃ interior and react with the fibres, leading to complete fibre burnout. However, no crack is observed in any of the specimens at these temperatures, possibly because the degrading cotton fibres form the dehydration pathways along which water could escape, preventing the build-up of pore pressures.
Therefore, the addition of cotton fibres to a geopolymer matrix has a positive influence, enhancing the temperature resistance and the mechanical and fracture properties of the composites. This makes them suitable for use in technological applications which are likely to be exposed to extreme high temperatures during wildfire: underground structures and reinforcement of mine works (adits, tunnels, etc.) are possibilities, as railroad and road tunnel constructions are.
Conclusions
The effect of temperature (200-1000 ℃) on the mechanical properties of cotton fabric reinforced geopolymer composites was investigated. Physical degradation mechanisms resulting from exposure to high temperatures were identified by monitoring color change, cracking and microstructure of the composites. The addition of cotton fibres has been shown to prevent matrix cracking after exposure of the geopolymer composites to high temperatures because of the additional porosity and small channels being created as they degrade.
The results also show that compressive strength, flexural strength and fracture toughness all decrease after exposure to high temperatures (200-600 ℃). A severe loss in strength was observed on specimens heated at 800 and 1000 ℃ ℃ due to fibre degradation and formation of a large quantity of voids.
